Summary Six-week-old half-sib seedlings of Ulmus americana L. were subjected to different amounts of flexure daily for 3 weeks under controlled greenhouse conditions. The daily flexure treatments were: no flexing in a staked stem, minimal flexing in a non-staked stem, and five, 10, 20, 40, and 80 flexures. Seedling height and diameter growth and average leaf area were determined before and after the treatments. The ratio of the change in height growth (∆H) to the change in diameter growth (∆D; (∆H:∆D)) before and after the 3-week treatments were calculated. At the end of the 3-week experiment, staked seedlings were significantly taller and had smaller stem diameters than all of the flexed seedlings. Height growth tended to decrease exponentially with increased flexure, with significant differences between the extremes of treatment. All of the flexure treatments significantly increased stem diameter compared to staked seedlings. The ∆H:∆D ratio exhibited an exponential function in response to increased flexure. Average leaf area decreased with increased flexure, and seedlings in the 40× and 80× flexure treatments had significantly less leaf area than seedlings in all of the other treatments. These data are similar to the dose responses previously observed in herbaceous species. The finding that trees exhibit greater sensitivity to low doses of flexure than to high doses of flexure indicates that slight exposure to wind may result in a large initial alteration in stem morphology, producing a thigmomorphogenetic effect. Trees will continue to respond to increasing amounts of mechanical stress, but at an exponentially declining rate. Declining leaf areas in response to increasing amounts of mechanical stress may result in a decrease in available photosynthate, resulting in a tree of smaller stature compared to trees exposed to lower amounts of mechanical loading.
Introduction
Mechanical loading of plants can be induced by several environmental factors including wind, snow, ice, rain, and cone or fruit production. Wind is the most ubiquitous force, inducing a variety of physiological responses at different organ and tissue levels (Grace 1977 , Telewski 1995 . The influence of a mechanical force on a plant results in a bending, shaking or flexing of the aboveground parts. The mechanical influence of wind on plant growth has been simulated in the laboratory by rubbing, bending, shaking or flexing the stem. These treatments isolate the influence of the flexing moment on stem tissues while avoiding the complications of alterations in foliar boundary layers, foliar temperature, diffusion coefficients, and associated changes in photosynthetic and transpiration rates and the potential for prolonged displacement to the gravitational vector resulting in a gravitropic response. The overall morphological response to this type of mechanical loading is characterized by a reduction in stem height to diameter ratio manifest by a decrease in height growth or an increase in stem diameter growth or both. The response also usually includes increased xylem production at the point of flexure and a decrease in leaf area. Jaffe (1973 Jaffe ( , 1980 defined the strain and associated physiological and morphological responses of plants to wind and other mechanical stresses as thigmomorphogenesis. Jaffe et al. (1980) investigated the amount of mechanical loading required to induce a thigmomorphogenetic response in Phaseolus vulgaris L. and determined that there was an exponential decrease in response, characterized by stem elongation, with increasing loading force. The sensory function saturated at very low forces and there was a reciprocal relationship between the amount of applied force and the number of stem applications of rubbing, bending or flexing.
Although Phaseolus can produce a vascular cambium and secondary xylem, the amount of secondary xylem produced is relatively small and it cannot attain the stature of a perennial woody plant. It is not known how a woody species responds to different amounts of mechanical loading or whether the exponential relationship holds. The objective of this study was to determine if a tree species will respond to a mechanical loading dose in a similar manner to herbaceous annuals.
Materials and methods
Seeds were collected from a single Ulmus americana L. tree growing on the campus of Michigan State University in June 1996. Seeds were germinated in flats of soil in a greenhouse and grown until four mature leaves were present on the epicotyl. At this time, seedlings exhibiting uniform stem height and diameter and leaf area were selected and transplanted to . In mid-July, 6 weeks after germination, the seedlings were again selected for uniform stem height and diameter and leaf area and divided into three replicate groups of forty seedlings. Each replicate group was divided into eight subgroups of five seedlings and set on a greenhouse bench at a 14.6 cm × 14.6 cm spacing. All of the experimental trees were measured to determine initial height and diameter at 1 cm above the soil level. Trees not selected for the experiment were placed around the three experimental groups and served as border rows. The first subgroup in each of the three replicate groups was staked and lightly held in place with twist-ties. The second subgroup in each of the replicate groups served as non-staked controls with minimal movement approximating one flexure per day. The remaining subgroups were subjected to 5×, 10×, 20×, 40×, and 80× flexures per day for 3 weeks. Flexing was induced once per day by gently grasping the stem 1 cm above the soil level and bending the seedling back and forth no further than 45° from the vertical stem position. This placed the point of maximum flexure 1 cm above the soil level with the entire stem above this point experiencing sway as a result of a combination of flexing and momentum due to the weight of the stem and leaves. After the flexing treatment, all seedings were returned to the vertical position.
At the end of the 3-week treatment period, final height and diameter measurements were obtained and areas of five mature leaves formed during the treatment period were determined with a Delta-T Devices Area Meter (Delta-T, Cambridge, U.K.). Initial height and diameter measurements were subtracted from the final measurements to reflect growth during the period of treatment. A height to diameter ratio was calculated by dividing the change in height by the change in diameter (∆H:∆D) as described by Harrington and DeBell (1996) . All data were tested for significant differences by ANOVA and Duncan's multiple range tests.
Results
The staked trees grew more in height during the treatment period than the trees in the other treatments (Table 1) . In general, height increment decreased with increasing flexure. Although the decrease in height growth increment of trees in the 80× treatment was not significantly different from that of trees in the 5×, 10×, 20×, and 40× treatments, it was significantly different from that of both the staked and non-staked control trees (Table 1) .
Based on the mean of the three replicates, staked trees also had significantly smaller stem diameters than trees in the mechanical treatments (Table 2) . A similar trend was observed between the non-staked control trees and the trees in the mechanical treatments. Among the treatments, the height to diameter ratio (∆H:∆D) was greatest for the staked trees (P = 0.05) and generally declined with increasing flexure (Table 3) .
Mean leaf area of the staked trees was not significantly different from that of non-staked trees or of trees in the 5×, 10×, and 20× treatments, but it was significantly different from that of trees in the 40× and 80× treatments. There was no significant difference in leaf area between trees in the 40× and 80× treatments (Table 4) .
Both the height growth increment and the H:D ratio decreased exponentially with increased mechanical loading (Figures 1 and 2) . The equation for the change in height (∆H) to loading (MPa) can be expressed as: ∆H = − 4.00ln MPa + 29.54 , with r 2 = 0.799.
The equation for the change in ∆H:∆D to loading can be expressed as:
∆H:∆D = −1.78ln MPa + 13.00 , with r 2 = 0.686.
The response of radial growth to mechanical loading did not exhibit an exponential relationship.
Discussion
The thigmomorphogenetic response of Ulmus americana seedlings to increasing mechanical loading was described by a negatively exponential function, as has been observed in the . Thus, the slope of the regression (--4.00) determined in Equation 1 was very similar to the slope for the regression equation (--4.09) calculated by Jaffe et al. (1980) for the influence of flexing on height growth in P. vulgaris. However, the y-intercept was greater for U. americana than for P. vulgaris (29.54 versus 19.16), indicating that a greater force is required to induce a thigmomorphogenetic response in woody stems than in herbaceous stems. Stem height growth decreased with increasing mechanical loading, but the saturation point to the mechanical stimulus was not obtained for U. americana. Diameter growth tended to increase with increasing mechanical loading up to 40 flexures, but declined to values approaching those of non-staked control trees in the 80-flexure treatment.
The decline in radial growth of trees subjected to the highest mechanical loading treatment may be associated with the decrease in leaf area and consequent reduction in photosynthetic capacity. Although the number of leaves produced per tree did not differ significantly either within or between treatment groups, the decrease in leaf size and overall stem stature will effectively reduce the drag coefficient of the canopy (Telewski and Jaffe 1986a, 1986b) . Despite reduction in radial growth increment of trees in the 80-flexure treatment, the overall thigmomorphogenetic effect, expressed as the ∆H:∆D ratio, increased with increased loading even in the highest mechanical loading treatment (the greater the decrease in ∆H:∆D, the greater the thigmomorphogenetic effect). However, even when the data were plotted on a log-linear scale, the response was not strongly linear, as shown by the r 2 values of 0.799 and 0.686 for Figures 1 and 2 , respectively. One reason for the low r 2 values was high variability among samples. Reduced height growth and increased radial growth in response to mechanical flexure are primary thigmomorphoge- netic responses. However, we were unable to demonstrate when reciprocity between the amount of applied force and number of applications will be reached, because of the secondary effect of a reduction of leaf area. Although we did not determine if the intensity of the dose response varies within a species or between species of woody plants, we speculate that trees adapted to windy environments will express a stronger response, shown by greater y-intercept values in Equations 1 and 2, than trees less tolerant of wind stress.
